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Problem

‘0 ~t ing pe rtorniance iii easu remen t tech ii iqLI es do not have t lie ca pab lit ILl su ppo it I lie t pe (It

fl ight situ olaf 11111 research that  en tails accounting II .1 the percept ion and Ut iliiat ion of Var ili IS cues - In
addi t ioti . the m a n s  eff ~trts to derive Il iure suitabl e itieasures have further comithcatcd t h e  l)rohlelti 1)5
dc. elopitig more and more measures froiii 56 liichi to ch oose hut with l i t t le regard fur the e f f e c t s  of an
it li proper choice. They have also been iiiisdirected in their emphasis on system performance rather than on
litiiiiaii helm avi l . ..\ new meusttremen t approach is required which nimim t iC5 tile 110111 1x r of titeasu res that
oust he cons idered , com puted , and interpreted : md which produces measures that charactc ri/.e he lla ’. l I l r

su c c t t t c t l s  and are sensitive to those aspects of hunian behavior that directly involse cue perception and
uti litat ion.

A pproach

Often. the m ost cot ieise 56: IV  to represent a set of data is to mitodel the process that generate d it - If
modeling techni ques wc~e applied to human pertbrm ance measur emiiemit .jt is conceivable that an optt imi a lls
conc ise set o f mite asures could be produced froit i the mmmdcl i tself.  If the mimodel were careful ly iöriiiulatcd
and va l idated . measures derived tro m it would characteri ie liutmiati behavior rat h er t h an mite effect of tha t
behavior on ss ste in response: and t lie could be umade to include t h e  impact of various cues and the wa~
t ile S are perceived, interpreted. and applied. 1 lie purpose of this study was to determine which. it aml~ . ol
t lie c \ is t  ing Ii union operat or m odels muigh t he useful iii t his regard for pert ormii amice i l l  easu reliletil
ap~)lieat ions - Since iii odd validi is is part icularl v ito Ixi rtant in the case of the envisioned mit cosuret ilent
a ppl lcatio m iS. the first task of the study was to idem it if the major human operator characteristics that ough t
II he acctlu t ited t oy . Then exist ing models were c:mtegori i.ed into six ts pes. A survey was umad e of miiodels i i i

eac h category hs eviewing the l i terature and sutuniarizing the various m x .leling studies. Models in each
categll rv were evaluated based on t lie extent  to which they represemit t h e  iden titled human opera (or
c h aracter is t ics as well as other aspects of their general val idits for perfo rmamice mlicaS Ureitien l app l icati o mis.

Results

Sesera l huiiian operator characterist ics were ident itled which ttug lit to he included in or otherwise
accoutited for by models to be used for miieasure inc mit applicat u s .  The categories of Iiiodehs slitS e~ ed
Include describing functions. optimal control model , discrete and Ilnite sta te  mime t h iods. adapt ive teehntques .
preview muodels. amid other nonlinear approaches. Results of the eval lation art: t h at tione of the models
rev iewed implement moore than a few of the idem i titled Ii u i i i  an operator dl orac le rist ic~ h ose wIt ichi have
a tte m n ptcd to it ico rporat e known or t heorii.ed informat ioti about t lie It tim an are cit lie r based oti associat ed
assu ni pt hi mis wIt cli arc u mia ccc Pt able for 01 ea su rei mien I appl i eat mis or II a se Ti (it heemi ti ‘s e lt tped t am cmi otigl 1
to just i f y t h eir use as a point (it departure or t tt eas u re oiemm t -

Conclusions

I x ist inc hi (lilian operator mtt ode ls are not sIi f ti c i emi ii Fe preseti ma live ot known clia r:mcteri st ILS 01
liii man belt avi or to he ii set Il l fo r ge ti e ral pe r tor  uiance mtm easu remu en t ap ph cat tom is. It appears. t( iO . t h at

B i i i  (id~ll ii g St tidies of t he past hi ave cm ph asi ted lii at c i i i m  II) I lie respo u S C  &if t lie average o pe rat or at t lie cx pense
III modeling the beh avior of tile individual. I-or t h e  particular app lication area ot per lo rm mi:uice
mii easure mmi ent . th is is tt naccc ptahh c. Studies are required to develop I l l tN .lelllig techniques speei t ì eahls t i

mileasur cmiic nt uses , and t imes e studies should he based ott val id Issimmm i pt i om ts aboiut tIle hi u ut t a m i thi:mt l i e

supported hs the hitds ot related kmios lcllce that pr e se m it ls c \ I s t s .  l imia ll . it should he t i f t te d  that  tIme LILt

tab ex ist nc mm odd s are cttmt si dered unsuitable for im ieas t ire mm i cmi t app hieat fo uls sltoul d tot he itit em h)r~’t ed as
rican ing that t lm e v are necessaril y ‘. iewed as had nt ~xlels in general. \~I mem m used for ilk’ rurposes tor 56 hiiell
ori ginahls ititemided and w it l t imi t ime elimit i lies til t h e  related underlyitig as s timmt ptio mi s . solt ie i’\is m i m ig Iliodels
appear quite use ful atid have hecn app lied succe sst uhl~ for ni :uis di tt le im lt t as ks Inv l t lv Im t g t t l (’ pr ed iei i t mtm I t I

ana lysis (if killed pe rt l tr immaiic e.
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StIRV I:Y 01 lll..JMAN OPERA I OR M0l)ELIN(. I l:(’IINIQtJES
FOR Mi:AStJRI:MI.N I Al’l’t .I(’AIIONS

t. INtKOI)UCI K)N headway in acltieving the breakt h rough t h at the
prob lemtt dciii amids. Imi a way.  mit uc lt ot this activ i is

This report describes tIme results ol a surv ey has probably created a false sense of securi my. As a
e f fo r t  to assess time apphicahiht) of htun man result , not emiough researc h Itas been conducted tin
operator muodch iutg techniques to perf ’ormiiamice miteas ores specifically oriented toward research
m mieasuremttent. Specific objectives were to deter- app lications.
ni imi e t h e  stat e-Li t-t i t e- art of humamt operator Associated with t u e  generation of to l l iit i t i i \
tiiodehing; identify humitai t operator characterist ics measures has beemi a general lack of appreciatiomi of
that should be considered mi mmtod els to he used b r  the deleterious effects of ch oosing t h e  wrong
measur ing perfo rmance; assess the existing miiodels mt i easu res for a given researc h application.
on the basis of their mnc !usntn of known or Oberni ayer , Swart i . amid Muckler. ( 1962) provides
thco ru.ed human perto rttta nce ch aracteristics; and an excellent illustratio n of this by demit aistrating
develop a general prognosis of satm s tying require- t h e  et ’fect on study results of selecting various
merits for sen s it ive pertorma ilce miieasurement perfo rmance measures. The subject studied was
us ing existing ituntan operat or moodels as a the interaction effects of displays with systemii
ftttm ndat ioii . dynamics and course frequency in continuous

trac king tasks. Botit pursuit and corn pensatory
Background and Problem displays were used with three levels of course

The lack of sensitive and objective milcasur es of frequency amid position , rate , and accehe rammon
hunian performance for miiany complex continuous control dynam ics. Seven measures were eomtipu ted .
trac king tasks has been a persistent problem for among wh ich were average error (AE) . average
rmiany years. This problem has beemi particularly absolute error (AAE), root meami square error
important and noticeab le in the area of flight (RMS). and time on target (TOT). Results show
simm im .slatioti research , where met hods are required that if AE had been selected as a single nieasure.
for developing and evaluat ing techniques of die conclusion would have had to be that none ( I f

genera t ing and sustaining the cues required for the experimental variables had a signif icant effe ct
e ffective training. This includes distinguishing on perfor m ance. In contrast. AAE . RMS. and TOT
betwee n t he cues that are essential to training and all indicated significant eff ’ects for cotirse ftc-
those that are jtmst expensive cosmetics; and deter- quency and dynamtiics. Furt her . the three- way
muining t he effects on performance , training, and interaction effect of displays, frequencies. and
ski ll retention of providing the required cues in dynamics was signif’icant (.01) usitig AA E and
various ways. Obviously, for this type of research , RMS but nonsigniticant (.05) using both AF and
nieasures are needed w hich are objective , valid , TOT. One cati only speculate about the n u m ber of
re liable , and most important , sensitive to changes past and contemporary studies w hich would yield
in the way cues are perceived and used in the simiiilar discordant findimi~ if subjected to analysis.
development and learning of perceptual/motor As the authors sur m ise:
skil ls. Ohv~ttus tv . mhc intcr pre ma mili t is ot ttt esc dala

Existing measures do not have the necessary are e rm i m e at t y  dependent u t II n T tm e partm eu ta r
t i leas ure . a n d  the anaty s i s  has been

characteristics to support the type of flight simuha- prcse ntcl w j t t i  th is  tac t in tmiind Iltosese r ,
tion research that entails accounting for t he tine tnigbim specutauc (in pasm disptat st ud ies
perception and utilization of cues . In various tk tiere a sin1tte measure ss as scicc tcd and

wonder It ra d icatty ditfe rent rcs utt s atid
attempts to develop suitable technology over t h e  conctu sutt ns mti igttm not he drawn it an.t tt ier
past two decades , there has been a proliferation of conventiona l measure had been setecied . It
different measures from which to choose , but l i t t le has been apparent to  ntan~ to t  soni c mm t lte
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that the rtte mhtido togy ot hu ittan conm ittuous assert ion that it is diffe rent when it is not but
performan ce mt ieasuremnent is mmt scrmous syste m measures , wh ich are generally of the
d i t f i c u t t v  and b o t h  l he . t re t i ca t  and
mim e tI to d olo ~ ieu t st udi es in pe rt o r itan ce integrated or average “s umutiary ” variety, can
n m c a s u r e r m t e n i  . i re ur cc n m t y  needed,  mask important changes in behavior. This was
U>berma~er e m at., 1962. p 2 1 2 )  utmce ly demonstrated in a study of the differences

Myers presents anot her enhigtttenim tg example of in perbor umiance w hen controlling or monitoring
the differing results that alternative measures can several systems rather than just one (Jackson.
produce (Myers , 1972). In this case , t he example 1958) . It was shown that mean error as a measure
hinges upon the fact that while two m easures may m ere ly indicated that errors increased as the
be equally valid for assessing some skill , they may numbe r of systems (dials) increased . However .
not be equally suitable for actual application more elementary measure s of behavior showed
within the constraints of a given experimental that the operator did a lot to try to prevent an
design . Both response time and its reciprocal , increase in errors. lie made quicker control
response speed , were used in an analysis of m ovements . made quicker switc hes from one
variance. In the case of response time , the contro l to another , and anticipated coming events.
computed F-ratio was 2.87, which was not It was concluded that overall measures of
significan t at .05. The F-ratio using response speed performance conceal rather than expose the details
was 13.56 , which was significant at .01. These ofbe havior.
diverse results were a consequence of the fact that It seems , then , that there is a two-part probletii .
t he response time miieasure revealed interaction First , existing miieasures are not adequate for
effects more clear ly amid reduced the power of the simulation research applications. Secoiid , the
F-test. Thus, the appropriateness of conimonly mnan y efforts to derive moore suitable nicasures
used measures must be evaluated in Light of the have (a) further complicated the problem by
ex perimental design to be applied as well as the developing more and more measures frott i which
skills to be assessed. to choose with little regard for the e ffect s of an

There is some evidence that mttany of our efforts improper choice and (b) probably been miiis-
to derive suitable measures have been misdirected directed in tImeir emphasis on rrm easures of system li
in that the wrong type of measure has been performance rather than m easures of human
sought. A distinction may be made between behavior. Based on these observations, a s’ lotion
measure s of system performance , th rough which it to the problem must be built around a new
is hoped that something niay be inferred about approach that , first of all , does rmot mitere hy add to
hutnm an performance. and measures of human t he already overpopulated group of system
behavior, of which human performance is a perform ance measures, Instead , it mitus t mii iiiimiii/e
derivative . Syste m perf ’ormance nieasure s arc the set of measures that need to be considered .
con founded by variances whose sourc es are not c o n t p u t e d , and in te rp re ted .  Secondly. t ite
confined to the human operator . As a result these approach tiiust nroduce mitcasures that chtaraetcr iic
measures, w hich are commonly applied in flight beh avior succinctly and are sensitive to changes in
and simnulation training amid research , are often those aspects of behavior that directl y imivo lve ctm e
tmnre liable indicators of human perfo miance. In perception and utihitatio n .
what has become a classic i l ltmstration, Taylor and Often . t h e  utiost concise way to represent a set
Birmiiingham (1959) showed how several instances of data is to timodel t h e  pr~ccss that generated i t .  If
of the same hummian operator behavior can be modeling tec lt uti q Lmc s were applied IL) ht umti a i i
misir iteuprete d as difh’erent behaviors by using pcrfort iiauce moeasuretiienl . it is ct im ceivabhc that
system perform ance mrmeasures. This was done by an optimally concise set of measures could he
using a single servoniecluansini model to generate produced frotii the model itself. If the model was
outputs to various cont ro l dynamics and deiiion- care f u lly t ’ormm iu latcd amid validated . iticas ti res
strating t he differences in system mncasures that de r i ve  d f ro  ii i t  wo tmld d iara cteri ze hummima n
resu lted. Not only can these miieasures effect behavior rather t t ma n time e t t e e t  of that behavior on
behavior misrepresentation through the incorrect

6
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system response, and they could be m ade to operator models uttig hi be useful for perfor ui iance

include the i m pact of various cues and the way measurement applications. This involved a review

t hey are perceived , interpreted , and applied. The of wor k datiiig from as early as 1944 on adva utcm utg
potential of dynamtm ic , m a t hematical models for the s t ate~~f-th e-art of hiuntan op erator m i t o de hmng

this application is nicely stated by McRuer and (Young & Stark , 1965) . The large numbe r of

Krendel (1974): available re ferences made organi/.ation of mites
and materials diff Icult. The approach that seemed

Skill, for cs anm pt e , is a concept ~, hmcti has
bee n de.~’ r ib ed ii such in iu i uivc rer ms as tO work t h e  best , and t h e  one w h ich has been
“ sequence ut def tly umi ti ed rcsp ot ts es ” amid applied in organizing this report , was to  group t h e
“the t iutsm and ing character ot ra pmd .idapma- material according to type of model as follows:
lion. The a s a i I a h i t i t ~ of ds nantic
desc r i ptions of hu m an control act lort s I. Desc ribing Functions
enable us m u quantify “ de ft ly  i m mmt ~ 1” in a 

‘ Optimal Control Modelta s hmii t i no t oth erwi se possible. Si i m mil a r t y . — .

ihe h u m an abi l i ty  to adapt can tie redu ced 3. l)iscretc and Finite State Methods
mu readily quanmitiab le ch anges in the niat t t e- 4. Adaptive Tech n iques
ntaiicat to rt ti  itt t i te  description oi mite 5 Preview Modelsconmrot acti oi t s . (Mc Ruer & Krend ct . 119 74 ,
p. 171 6. Oth er Nonlinear Approaches

Ano ther indication of the potential of m odeling The above categor ies are not mi iut uahI~
tec hniques for miieasurement is provided by ~ew exc lusive , e.g.. it is possible to tiiodmf~ a tiiodel
and Rupp (1971). They fit a describing function that is basically a describing funct uon to outfi t it
model to t h e  conipensatory track imig data of thte with adaptive capabilities. The classm ficat ioui rule-
4th . 7t h. and 10th graders on cacti of several of-thiunib that was applied was to assigni a node!
successive trials and examined the ch ange in to that category which best distinguished it fromit
coe f f i c ien t  va l ties ac ross  trials. The two its predecessors .
coef ficients, K arid TAIJ. represent the gain or The literature survey began with a review of all
response amplitude and tim ne delay. respectively , proceedings of the Antiual Con f’ere nces on Manual
Besides demonstrating a learning effect , t hese Cotitro l and branched front there to the references
coe t’fic ients provided a direct explanation of’ how cited thereimi. A Defen se Docum t ientation Ccm iter
amid why learning occurred for each grade-group. (DDC) bibliograph ic search amid several very good
The exam ple is inipressive because of the great survey reports (ullost notably Costello & Higgins.
deal of imisigh t into beh avior that the use of such a 1966; Kelley . 1968a; Summers & Ziednian . 1964 .
simple model can provide. As the au thors so aptly Young & Stark . 1965) quickly provided an
state : inundation of sources. The rem aimlimig references

Ii c t i m ptta s i ,c ’ , t u e  po int t i tat K j t id r~t were located tiirough seamining t h e  indexes (if
are tw o derived meas ures t t t. i I pertlimi stti ii L’ j (iurmials (e.g.. Journal of 1:xh)eriti iental Psycho-
nt c rc rice aht i Ut the bet i ,mvior t tI S tu tu set t in

itte m r ac ki n c mas k ii ms not necessary to 
logy. hlumt ian I-actors. Psych ological Buulletin. Il- I- F

t re t i ev e t h a t  S carr ies di ff erentia l e( t u .mu i ttn s Transactions. Automi tatica. amid Jotm nial of Motor
ar i t l Iu id t i mis ttea(t hut nattier to  h u n k  oh l’~ Behavior) amid t h rough help ful tips and t h e  loan of
.tntl I At~ .m s two t)enlortiij n(c mnta sures it i ,ii we l l  - iii a r ked copies of favorite papers fromare ti s tm mitc ~~~~~~~ iti ore :tnat s tic t itan t Ime
error score atone. Ii is C,ts ’. to sttow ettanecs interested colleagues. In prepartmig t h is report -

0 error scores . to il i t takes an ingenious I t hose documiients judged to be the best sot urces of
It’ ( t t ’sI ~~tt ,i m r .ich i t i t ~ e\ t te r mn ienm - part i( U t.mrt ~’ inform at ion were (used as re t’erences. wit Ii alter—t r u e  c r ’ n t.- e r r i e t t  \s l i i i  d c v c t o p i u t e m i t a t
t l ue s lmo i i s . it t ‘a t m ic h t hi m t it ~es iii error score’. natise sources and t hose contammiing supp lem mientars
.ult u i ie provide a det~ree oh .Imtat y t ic i iusigi i l iiiformiiation relegated to t u e  Bibliograph y  -
I tO l im e natur e t I  l Ime s k i t t ~ d Ite rto rit ianee

m a t  to t es  tue ~ t t t t ( t  t ie s tat e mt tc n l  ht ml The results of ’ this activity have included
itm t t ut ai  mull 01 .1 pa rticular mildcpe ti (tc mit acco nt phishiniemi t oh t he original objective to assessv ,ir att Ic turod tice t a cIt a eec mn per form mt i~’e.

) l’e’a & ~~~~~~~~ I . pp. ~ 
time pmilcn tial of existing miiodels for pertorm ii alec
tiicasurcmit cnt applications. In addition , a suh-

Puirpo se and Approach stantia l library and a h eigh tened appreciation for
lie hod y of know ledge in manual control

T he purpose of the work being reported was to tmiode himtg have been acquired. Fina lly , a plan has
det e rut m imte wit ichm - if aim y . of t he existing It um titan
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been formul ated to guide research e t to t I  s iii i l te at least as far hack as 11) 1 3 ( Kc’ lte ~ - I ~Hr~~,j I O mme
deve lopmtieu i t and app hica I iou iii ’ itt iu del ing co tteep ts reas ou m t lie t mipic c o mm t iutt ies iii genera Ic debates
fit r uSC iii perf o rm mu aumee it t easu me itt , u ida ~ is ii om because ot a disagmeeutt mat t ahi( i t t  t t lie

exi steum c e t it i umte n mti it t emicies iii rcspoiise data. but
because th l e t e  is a disagreeiime ntt ah m ui t their ca u se.

Ii. Itt-MAN (W gRA TI ) l (  him addi m iou t, til e sIIlirec it im t te rmi i i t t c m ie i es  is st i l l
(1IARA(’ l’t’ RIS I  ICS iiui k ut mi w im . llic~ iima ~ umn igim tate iii the imtpu t

recep tor sys t  CIII ~ . i t t  cem utral proce ssmm ig . ~i r  i t t  the
W iten a mttode l is t(i he used to amta lyt.e and Ilio t(ir output systetiu s . l ineally. t h ere has heet i uio

assess its obje ct . it is cs l )ec ma ll~ mmt t p t i r t a i m t  t h at It cim mis istent det imi i t i lm m l of operator imi le r l i i i t te mtc y -

he valid. In Pam ticular. predictive u.,u h m d i t y  is ‘fltis was rectigt imicd h~ Suiti utters amid Liedmltai l
I CLI ummed - simi cc t lie itt tent is to hit time misodel to ~t 55 t IL l  proposed a liberal d e ti iii lit mum of a it itt te r-
specific set (it data but use It  to predict or i i i t e i  I i i i iteutt Process as “, - . ( t t iC  i t t  w h ich imit ’orm iiat iomi Is
general hebtavior al attr ibutes. To insure predtctive received , processed , amid tt :uns ii i i t te d at discrete
va l idity, it us mutt emtot ugh 10 mttere lv de uttomistr a te a im i merv a l s  (in i u istammt s (it titi ie ( S lu i i t mmt C tS &
close utiatc im be tss een mt iodeh and hiutiman out put for Z iedtiiw i . I 1)(r4 , p 6) Bc uss eet l I hiese intervals.
a t ’ew se lected test cases, and it us mmit h ) ractica l iii 

~~ imif ’ormiiat iout eamim iot he used by t h e  system.
exten d the testing over all conceivable condmtiomts. amid processing miuust rely t imi previous samiiphes. Th is
Imistead. the best apprttach us to build content d e fiii i t  io ii does mi(it it ivolve riot ions ahot ut
validity into t h e  mitode l . Th is nicamis that t h e  peniodicity iii respomises as assumi med by many of
const ructs of the mmm dcl and the assum itptions on t h e  earlier imivestigators (e.g . (‘raik . 1947).
which it is based mitust he iii full accord wit h t h e

T lie o rigimial iii termiiit te uicy hiypot htes is wasbody of knowledge th at exists regarding t h e  object
developed by Craik in 1945 amid was preparedbeing miuodeled.
posthumtt (ius l y for publication by h is  student.

In the case t i t  hiumiman operator mitodeling. the Margaret  V ince . imm 1947. Bentelson 1966)
intended application ‘i t h e  area of perform iiamtc c provides a con cise and insigh tful review of t h e
tneasuretiient requires that the model does not early work in this area, and in u~ hm of the un m mcdi-
violate accepte d beh avioral princip les by virtue of ate ly following information i,s taken from his
its constructs or assumptions. In addition , ~t paper. Craik’s thesis was that man behaves as an
shou ld incorporate these principles wherever intermittent correction servo . Evidence for t h is
possible. In this way, stratified test ing is only intemiittency was the jerky characteristics of
necessary to provide empirical evidence of the tracking records. Craik’s studies, as well as those (if
validity that was already emtmbedded in the model Vinice (l948a ). suggested that there is a period of
at its inception, about 0.5 second followin g a sti m ulus during

Over the years , a great deal ~f know ledge h as which (a) sonic response is selected and exe cuted
been accumulated , largely through psychological and (b) no response to  a second stimulus can
research , about human operator charact i.r istics. occur. To this period, Craik followed die lead of
Some of these characteristics are well supported an ear l ier  investigator (Telford , 193 1) and
by emnpinica h evidence and are generally accepted attached the nante “refractory phase .” whic h was
as factual; others are niore controversial . offenimig long before kmiown to exist at the level of siunm ple
possib le but not exchusivo explanations for physiological syste utts. tm

observed behavior. Whichever the case , they
should be considered, if not included, in human
operator modeling efforts where content validity is
important. Following is a discussion of the major 

_____________________

h urn an opera tor  c haracterist ics that merit m tie rte tson points otu l thai the analogy heh w een the
cons ideration. refract o ry periods iif(’ raik and mite p t u y st o Io ~’ t ’ . t s  is a Rous e

tine, and that Craik ’ s aecep tat ice oh mit e te rm o I’. on-
t ’u rt i i nate. Durmn g mI t e p l i y s i tu t.  ,.it - at re t rae to r ~ phase. t hue

Operator Intermittency t is sue does not respr um id ii a new st imulus ; how ever .
d ur iu itt the psy c hoto g ucat r e t ractory  period a resp o ns e mu aTheories and studies about operator inter- new s~timu Ius of equ al int e ns i t y  can lie eli ei led , huut ‘ai t h a

mittency have a long history in psychology , dating greater tamen c y.
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I- t m l h m wi mug (‘raik’s deat h . t h eme were two tr ac kin g 4 Adaur us. 1 ~)6 I ). Thu has uuol sc’rvu.-d as
u luu i io rta mu l devv’ho l it uueii ls . Ouu~’ was ihue colm mhil etto ul gni mumids tot  se t u t u tu s l y  c hua l le mt g u uig t ime m u u t e r t t i i t t e m i c y
amid puhhtcati oul of ex perit lients by V iutce ( I~)4~ h) hi yp ot  huesis , ‘althl u mu u f lu A d a mi u s bchiu .’sc s that It

w t u ucl u imuvolved trac kutug mit ‘a marg et ss lmiclu ch anged s hi ( I  (11(1 . I m u s t e a d  . the s u tu u x u t h i  r L ’ s po m lscs ‘aIC
pttSi uiot i at ul uscrete imut e rvals , Th is per ut u it ted direct explai n ed by (‘raik ( 1947 1 ~ utd u i t h iers as enu aiatin g
umtea s uremmm eu m I ( if imt o v e mimemmt antd react ion I itt ies and t romt i an acquired ability h) subjects il l predict
proved thiat wh en two ste p umu p ut s occur at input sequenices amid ove rlay ‘a si ll ~ u t l t mm m g effect on
intervals sitorter t htami 0.5 secomtd. the reaction to what is oth ierwise a st ries (it i m u t e n u m u u t t e m u t  tii tm ve-
t h e  second step has greater latemicy. ui t cm tt s,  Tltis conte umlion - w h ich was a mu Cu! /mo(

Time other deve loputiemm t was th at of t h e  ~in~~ 
ana lysts tutu t Ime part of (‘rau k . was su ppuirted by t he
work of Navas (1963) , w ho fotind evidemice ofchiam mnel h ypot h esis. proutioted concurrently by

hhick (1948) and We lb’ord ( 1952) intl utto s h clearly unterm nut tenicy using unpreductabhe unpiuts hut not
formalized by t h e  latter. Th is hmypotiiesis was a tusitig predictable mmiputs.
direch outgrowt h of the work (if (‘raik amid Vi umce. Th ere are severa l independent studies pruividung
It proposed that t u e  delay in responding to a evidence for intermt l it tcncy. Sotne of these are
second st inmiulus is due to t ime inability of central nicely summa rized by Sheridan and Ferrell (1974).
processes to deal with two stimuli siutm umltan eous ly. In studies of closed loop manual contr(iI . Bekey
Instead , a secomtd siintuhus uiiost be stored until (1962) fouumd a comtcentratio mi of response power
processing associated wit h tIme first stintulus has between 1.0 and 1.5 Hi. lead::- him to time
beeui cout ipleted. According to Bertelson , the coniclusmon that human respor~se consists of a series
importance of this work was mainly in time of ballistic muiovenmtents. Step t,iputs were used in
adoption of reactio um time to a second stinmulus as another study to illustrate t hat iespommses consist
an est imate of the time during wh’uic h processing of of several discrete steps of . first, a ballistic
the first stimnulus was still taking place. Later , response and , second, a series of dis~ie t e
w h en  interstin itulus interva ls greater titan a single adjust m ents (Taylor & Birtiminghamn . 1948). TIme
reaction tinme were also found to produce greater work of Navas (1963 ) not only provided mdc-
response hatencies , revisions of the hypothesis were p e n d e n t  ev idence of in te r n i t i t temmcy for
suggested. For exaitiple , one suggested by Hick unpredictable i uputs. but also produced evidence
was that refractoriness (i.e., the occupation of that the interntittency is due to a sannphing e ffectI’ centra l processing mechanisuits) niay also be caused rather thaut to a quanlization of the input. Finally.
by the subject ’s attention to his own response there is some evidence of abrupt change s in the
(Hick , 1948). velocity of control motion during continuous

Berte lson observes that a major impact of inter- tracking. This has been interpreted as an indication
mittency researc h has been to suggest a way of of sudden , discrete changes in mnu~cle force level-i
analyzing complex activities by breaking them into (Kelhey, 1968a). Other justifications for accepting

basic decision units, during each of which a choice t he internmittency hypothesis are provided by
is made of a reaction for a particular sample of Kelley (1968b).

sensory inputs. The size of these decision units is a There have been four nm ain hypot heses for
fundamenta l parameter of any intermittency explaining why interuimittency in responses occurs.
model but , except for Craik, few investigators have Time most popular is the existence of a psychi cs’f addressed this issue. Investigation of unit sizes and logical refractory period, as originally suggested b>
the associated grouping of stimuli has been, in Craik. (This is sometimes augmented by further
Bertelson ’s opinion, “the most serious missing link assumption of the single channel hypothesis.)
in the study of intermittency ” (Bertelso n, 1966 , p. Second is the expectancy theory which , according
157). to Bertelson (1966), has been foruim u~ated severa l

The jerkiness in tracking records observed by times (in 19 50, 195 5 , & 1962). This thicory is

Cra ik was exhibited largely by novice performers. based on the well known fact that the reaction
More experienced performers often demonstrate time to a signal varies with the probability of the
long periods of smooth response in continuous occurrence of the signal as observed by the
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stubject. If two signals are to be given in succession , to Process two stimul i smumiultaneously . The central
t h e  subjective probability of the second one ret ’ractoniness theory proposes t hat t lmere is a
occurring, given that  it has not yet occurred , is ph ysiological inhibitory eftect of one stimii ulus
lowest iuimummediately after t ime first ~gntal and upont a succeeding stim nulus . Finally, the
increase s t hereafter. This is used to explain w hy  preparatory state theory suggests that a delay in
secomid signals result in a longe r resportse latency responding to a second sti m ulus is priniarily due to
w hteni th ey closely follow first signals. A third t h e  subject ’s expectancy of and/or readiness for
h~ polhesis f o r  explain ing irmternm iitte ncy is th at that stim imulus , not to physiological characteristics
inptits are qiuantized and that a subsequemit or liuttits in processing capacity.
response is not initiated umitil tIme input umioves to a I~achi of these theories has its supporters ‘and
new quantlummi level. This tl’ueory was disputed by offers a unique exp lammatiout for ce rtain data. For
Navas (1963) but has been supported through t h e  exaunple , Poulton (1950) found that regardless of ’
stuccess of som e niodels fashioned on its behalf how long a subject is allowed to recover fronm a
(e.g. . Costello, 1968). Finally, a fourth hypoth esis previous response , if he is not expecting to have to
is that once initiated, response mimove uitents are m ake a furth er response , lie will have a delayed
open-loop for a time, neither depending tupon nor reactiomm time to a second stimulus. This is most
using continuously ava ilable feedback informitation easi ly exp lained by lack of preparedness on the
(Adanms, 1961; Taylor & Birmingliaitt , 1948). part of the subject. Accordiu 1g to Poulton . “If . by
Thterefore , t he human executes response sequences dividing his attentior . the subject was able to
that are momentarily independent of the input prepare for h is next response while making h is
and , thus, intermittent wit h respect to i t .  previous one , the so-called psych ological re frac-

toriness could be completely absent ” (Poulton .
Psychological Refractory Period 1950 , p. 99). ln contrast , convincimig evidence

As indicated in the foregoing subsection , the against the preparedm iess theory was pn(ivided by
existence of a psychological refractory period Davis ( 1965) . who showed t h at reaction tiumie
(PRP) was propose d by Craik (1947) as one delays can be eliminated when the firs t response is
possible explanation for intermittency. The PRP is spontaneous rather t h an elicited. Finally. Creamer
found when two stimuli are closely spaced iii tiumie. (1963) demnonstrated that event immicertaim ity rat h er
Response time to the second stimulus is longe r titan temporal uncertainty could produce reaction
than the response time associated wit h a single t imn e de lays  to the second stiumiulus. Th is
st imulus. The only inmportant exception to t h is is represented a vote against the preparedness thteo r~ .
t hat when two signals occur almost simultaneously anid Creamer interpreted it as evidence for th ’ue

(wit hin .05 sec. of each other), they  mitay be single channel t h eory.
handled together (Welford. 1960). Both signals are I)espite contiumuimmg debates on t h e  stub ject . t ime
apparent ly responded to as a single unit in this simigle chiatmne l theory seems to best account for
case. However , once the huntan is coumimn itted to tIme htm lk of data and is least subject Iii criti qtuc
h andling one stimulus and its response . Ime cannot (Smiiit hi , MC. , 1967). There is no pIt~ siologieah
handle another until he has coumipleted tPu c fi rs t evidence of refractoriness in t h e uter ’votus s\st e mn
(Fitts & Posner . 1969). for durations as long as have been observed; there-

Almost as soon as it was suggested as an fore , tIme cem itral refractoriness thieor s h as l itt le
exp lanation for inter ummittency, the PRP was support. Readiness is believed to play st mm i ie role .
subject to question. Vince (1950) conc luded that htut Sm i mit h m points out that it is not au adequate
t he PRP is not absolute and observed that miian~ expla niationt by itse lf. Th is is largely because th ere
times w hen two stimuli are given in successioni , t h e  is still a eaction little delay whiemi all uncer i;uinty
first response is suppressed or modified by the ahot mt the arrival tiutte tif t h e  secomi d stimiitu luus is
second. Since then, three distinct theories have remi toved. At least some of the disagreentemm t miia~
been proposed and studied to accotunt f(ir t u e  I’RP he attri ht ita ble to differe nt ex pc rimiic umtem s gisung
effect . (Smi’uit hm, MC., 1967). Thie single ch annel d i f fe rent  imi terpretati o ns ho tracking meords
th eory is based (in thte asst imii Pt ion of a I imiiit ed ( Po ti l t out . 1 974) . ( For  C’s ,umii l~ 

e . wh ets two
capacity ch annel and the related inability of maui rcspouises follow each m ihh ter closel y, it is uim)t
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always possible to distinguishi between a prepro- accepted ~- ‘ factua l due to the freqtuen~~ and
gra mmi nted double response amid two separate comts istenc wit h which it us observed.
responses.) In any event , it appears that we can
(imily conc lude that sonic type of “refractoriness ” Inadvertent Crosscoupling
exists and that the most defendable explanation Crosscouplimm g can refer to a chianacte nist ic ( if
for it , so far , is the single channel theory. t h e  control s~ s m e u mi (ir to a characteris t ic of the

human ’s contro l techniqtue. Wh en used in t h e
Range Effect forn’uer context, crosscoupling irt d~cates that a

An of ten de m it onstrated and commonly mitovenment of the control stick along one axis
accepted aspect of hum an performance is the results in an effect on the systeni in another axis.
range e ffect. This characteristic was discovered For example, moving an aircraft control stuck heft
and named by Searle and Taylor (1948), w ho or righ t results in a loss of altitude . In time latter
observed th at step inputs of random magnitudes context , crosscouphing indicates th at the control
elicited responses wh ose autip litudes tended to t Ime itself was moved along several axes sim ultaneously.
mtiean. The range effect is sonmetinmes called the Bekey, Meissinge r. and Rose (1965) identified
central tendency of judgtt tent (Poulton. 1974). inadvertemit crosscouphing as a hitiman operator
since it represents t ime htu uttati operator ’s tendency ch aracteristic that utmust be accon mutiodated in
to respond as if tIme stiutiulus were of average utiode ling performance on two-axis tracking tasks.
mmmtensity. After he has tracked for awhile, the Tlmis refers to an unumecessary n’miwement of the
huntai’u prepares for an average input. If the actual control in one axis when activity should have been
input is suimailer than expected , lie overshoots: and hintited to control movemen t in another axis.
if it is larger than expected. lie undershoots. The Bekey identified two potemitial sources of thu s
range effect is a function of relative rather tht an behiavior. One is percepttial crosscoupling. or t he
abso lute values of signals (ElIson & W h eeler . 1949 ) imiability of the human operator to distinguish
and is, therefore , not observed until after t he first mimotion in one axis froni niotion in anot her. T he
several tria ls h ave made available inform ation ot her is mitotor crosscoupiing. or t h e  inabiIit~ of
about t Ime values to be expected , the operator to perform in one axis without

The range e ffect is asynirnetrical in that tIme inadvertent utiovement in the other. Based oum
responses to small stintuli are more heavily skewed mimodehing feasibility studies . Bekey showed that
to t hic m ean of tIme series of stimuli than are additional terms to account for this inadvertent
responses to large ones (McRuer & Krendel , 1958). crosscouphing are necessary when using describing
In addition to applying to stit imulus aniphitudes, the function types of models t’or t h e  separate axes in a
range e ffect also applies to the tirmmes and two-axis trac king task.
d i rec t ions of stimuli (Poulton , 1974). For
exanip le. after tIme h uman learns the average little Bang-Bang Control
interval between two s te ps, he will tend to respond It h as  been repeatedly dentonstrated th at wh en
early when tIme interval is long and late when it is the forcing function increases in frequency - time
sh ort. Since th is is true , it is possible that t h e  ramige hum an operator ’s contro l tec lmniqtme changes in a
effect may accentuate ch aracteristics of time PRP relative ly predictable way (Summmmner s & Ziedman .
and , except at long interstum im u hus mnte vals. itiay 1964). Firs t , a contimmtuo t us appearing. sni x thi
not be distinguish able fromit it. control action changes to one of m aking discrete

Frost (1972) observes t h at t h e  range effect corrections about every .5 second as forcing
shows t h at the hitunman operator responds to the ftunction frequency rises. The operator attempts tc
total situation, not to instantaneous inputs. It is cemm ier contro l at t h e  peaks of time waveform n rather
produced by conditions t hat let a response he thiami atte m pting to smooth ly track t h e  entire
based to some extent on a comimparison of t h e  function. If the freqtuency is fturther increased . h is
present input or stimi mt ilus witht previous ones. control bccomtmes hang-hang. which mneans that lie
h’er htaps ut iore titan any other hit um imami perfor umiance moves the control fromt i one side to the oth er in au

characteristic. t h e  range effect in trackim ig is atte uttpt to follow the sign of tIme forcing function.
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T his is a nonlinear chiaracteristic of hiuntan include operator intermittency. or the processing
operator behavior that is not adequately treated of infortitationi at discrete in tervals rallier titan
by many modeling e fforts that assuune operator continuously; psychologi cal refractory periou. or
linearity, ant interval of ti m e followinig response to a

stim itu lus wh en response to a second stimul us
Cue Utilization cannot be issued; range effect , or the tendency to

Studies in cue utilization have been largely respond as if the stimulus were of average
concentrated in two areas : (a) use of visual intensity : inadvertent cmsscouphit g, or nmovement
position, rate , and acceleration cues and (b) effect of a contro l in one axis w h en activity should have
on performance of adding proprioceptive cues. In been limumited to mn overnent in another axis; bang-
the first area , Fuchs (1962) has provided evidence bang contro l, or the use of a pulsing contro l
that as learning proceeds and/or as task-loading movement as the forcing function increases in
decrease s, the human operator relies more and frequency ; and cue utilization characteristics ,
mitore on velocity and acceleration cues and less on including the increasing use of velocity and
position cues. This would explain why highly acce leration information as learning proceeds or as
skilled operators are better able to lead the systeni task- loading decreases , time use of different control
and predict future events (by utilizing higher-order tec hniques when mnotion is added to a si mimulator ,
information). While this mimay be true for velocity and the possibhity that spatial amid visual cues are
information, there is some doubt that humans are more im portant ear ly in training, with kinesthetic
really able to use acceleration as a cue , however. It cues becoming more usetul later on. Somime of these
has been found, for exaniple, that accelerations characteristics hiave m ore support th an others in
and deceherations are usually inaccurately inter- the literature. In models to be used for perfornu-
preted as constant velocities (Adams , 1961). ance uiieasurenten t , these characteristics shiouhd

either be included directly (particularly thoseThere is additional evidence to indicate that the characteristics th at ar e well substantiated ) oruse of velocity versus position cues differs otherwise accounted for by allowing for their
depending on the type of tracking task used existence within the scope and assumimptions of the(Bniggs . 1962). In one study , for example , Wa lston nmodel. In addition , general consideration shouldand Warre n (1953) found that velocity infor- be given to associated traits of the hunman , some ofmation was used more in pursuit than in which precipitate mitany of these characteristics.
comim pensatory tasks. Thus, the relative utilization These include the existence of observation and
of velocity versus position data is certainly task control errors , time variations in control strategy ,dependent as well as proficiency dependent. threshold and saturation effects, preview and

In the second area , severa l studies have demon- precognitive functions, variations in performance
strated that the addition of motion cues results in due to changes in attention and fatigue . and,
a change in human operator control characteristics generally, man’s ability to remembe r, predict.
(Ringland & Stapleford, 197 1, 1972; Shirley & reduce information , and make decisions.
Young, 1968a , 1968b). Even nmore interesting is
the evidence that early in training, spat ial and
visual cues are most important, but later in III. MODELING AP PR O ACHES
training kinesthetic cues become more useful
(Fleishman & Rich, 1963; Summers & Ziednian, The previous Section reviewed nmany of t he
1964). This has important implications for training human operator characteristics that ought to be
as well as for Iiunman operator modeling, considered in developing a valid niodel. This

section and the next examine the various nmodehing
Summory approaches from the standpoint of how well they

Several specific characteristics of the human repre sent these char~ eteristics and, thus, how
operator have been identified which ought to be suitab le they are fo perforntance mit~~surement
included in or otherwise accounted for in m odels applications.
to be used for performance measurement. These
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Describing Functions Neurutm ituscu lar Lag (T N ) is that portion i~~

Fhte ear liest attem t mpts at Itiuuiian operator delay between stmmnu lus and response that .~

mitodehing were based on applications of describing attrmbuted to dynamic characteristics of the hi’~i.
N(initinaj values are 0.1 to 0.5 second.functiomm methods. This approach evolved from thie

observation that niany nonlinear system its behave Low frequency Lag (T 1) is a general u. 0 constant
like linear systems when subjected to specific, introduced into the operator ’s response when low
controlled in puts (McRuer & Jex , 1967). TIme idea frequency system response is inmpt rtant. Nominal
t hen occurred that perh aps engineering analysis values range from I to 20 seconds.
tools designed to study hintear system its could be Gain (K) is the amplitude ratio of output to
used to mitodel those aspects of humitan operator input and is the operator ’s primary adjustm iment
performuance for wh ich quasi-linearity cant be coefficie mit.
safely assumed.

Lead Tiitie Constant (TL) is the time into the
Descr up tw~z and Ass ninm ptu mrn s. A desc ribing future for which the operator is predicting the

function model is essentially a differential input and formulating an output. Nominal values
equation relatimig the human operator’s output , or vary fronm a fraction of a second to I or 2 seconds.
mtmovernent of t he control , to his input. Exc ellent

Delay Time Constant ( r )  is proportional to thedescriptions of the niodel are provided by Kelley
(l968b) and McRuer and Krendel (1974). The operator ’s reaction time delay. Nominal values are

.15 to .20 second.nmodel is based on the obse rvation th at in a
conmpensatory ty pe trac king task with siniple The component of the output that is not
dynamics, the human operator performs in a linearly correlated with tIme input is referred to as
mimaimner similar to a servonmec hanismn. An observed the renmnant (McRuer & Krendel . 1957). The
error, following a central processing delay, gives remnant reflects nonlinear aspects of operator
rise to a nmotor conmmttan ml that is applied to the behavior , and it is the existence of the remnant .
control in a manner which reduces the error to the occasional application of the model in tasks
Lero , As Wickens (1974) obse rves, it is because of which are not of the simple , compensatory variety.
this simplicity that unarm’s behavior in sonic circunm- and the basic linearity assumption that have been
stances can be closely m o delled by describing continuing sources of criticisnm regarding this
function techniques. approac h .  Remnant is usually described as an

The describing function model is one of a class insignificant portion of control behavior which is

of models known as quasi-linear in type , referring unpredictable except in a statistica l sense. Yet , as
Levison and Kleinman (1968) observe, thisto a linear model which is employed to model the

behavior of nonlinear system. The basic describing description of remitnant is not valid in situations

function accounts for that part of the human whiere the controller ’s response contains significant

operator ’s response that is linearly correlated ~~th nonlinearit ies or consistent tune variations.

the input signal. Its general form is Possible sources of the remnant are errors of
observation , errors of control execution , time

00(t) + (T N + T 1)0 
~, 

(
~
) + T~ T 1 ~ 

variations in control strategy , and structural
deficiencies of the niodel. With t he describing

= K (e
~
(t — r ) +  T1B1 (t — r ) )  function approach , all stuchi model and operator

w here the terms are as described below: variants ane lumimpe d into the reninant and are
indistinguishable from one anoth er.

Operator Output (Os) is the actual control
The linearity assum ption is that the humanstic k position as activated directly by the htuitman

operator. operator will respond to changes in the frequency
of the input only, and that his response will be

Operator Input (0) is t he stimnulus to the essentially independent of the aimiphitude of the
human operator , usually consisting of some dis- input. This assumption has been mimade “. - .so thiat
placement of a target or cursor from a reference . the mathentatical procedure s applicable to transfe r
The task is to minimize the displacemnent through function theory can be used. Such application has
appropriate contro l movements.
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persisted in spite of the general admission that the it is best suited. Most applications h ave consisted
human operator is essentially nonlinear and that of either examining paranteter variations under
his representat ion by a linear function is different task conditions or developing describing
inadequate ” (Beare & Kahn, 196 7). Known functions for new tasks. In the fomnmer category are
operator nonhineamities include th reshold and a number of eft ’orts to exauitine t he effect of
saturation effects , dither , range effect , preview and sinimulator motion on control technique as ch ar-
precognitive functions, and parameter variability a c t e r i z e d  by the describing fummction nmod el
due to changes in attention and fatigue (Keltey , coefficients. Most studies surveyed concluded that
1968a). These nonhinearitjes cannot he mimodeled the addition of m otion cues changes the manner in
using describing functions. This led Wherry (1969) which control is executed (Shirley & Young,
to conclude that there is really little nierit in 1968a . l968h; Stap leford, Peters , & Alex , 1969:
applying describing function nmet hods to describe Ringlautd & Stapheford. 1971 . 1972). The observed
humnan operators. He states: chianges in the mnodel coefficients include greater

values of lead and decreased time delay whienIt is nv personal feeling that ul to ’ & - v~ ho
would have us believe that um uan is J ust a umiotion cues are suppbcd. Interestingly, and in
fancy servo s y s t el t u or thai Ite is ike aut distinct contrast , a 1967 study comparimig inilight
auto pilot have spent too much mime wi th
mac h in e s and not enough with r~at 

pertorniance with fixed base simulator perform.
operators in reai sy s teuti s. l ven at mim e risk ~ ance found no significant differences in niodel
oftending sortie utiodet builders . I feet coe fficients (Sm imit hi , II.. 1967). Anot her study
comn pe(ted io say that I am singularly
unimpr essed w ith the transfe r ux t u at io n comimpared inflight performimance using tIme real
a pproac h . (Wherry. t~ 69 , pp. 2 37~ visual scene wi t h t  sing le degree-of- freedomii

These sentiments are endorsed also by Poulton simnti lato r performance using instruments and

(1962), who points out t hat describing functions found large differences in utmodel coefficients

merely give an exact numerical value to those (Newell , 1967) : tunfortunately, h owever , t h e  cause

aspects of hunman perforntance that resemnble tile of t h e differemmces (different motion or different

paranieters of se rvomechianismits. However, they are visua l) cannot be determined from this study.
Salmon and Gallagher (1970) found that innot as suitab le “. . as simple mmteasures are for

determining the details of th~ ways in which addit ion to a change in coefficients. mcwing base

human operators do nof behave like servo- siuttulator performance produces nmore aileron and

mechanisms; these include nnost of the phenontena less elevator activity tItan its fixed base coumiter-

studied by psychologists.” (Poulton, 196 2, 
~~
. 320) part. TIme describing ftummct ion mitodel has also been

used in studies to examin e differential effects ot
Another assumption of the describing function roll and yaw motion cues (Vo ti ng & Dinsdalc,

approach is that the human is attempting to 1969) and visual ntotiomm cues versuus tlutse supplied
minimize error based on some constant . iniplicit proprioceptively (Junker & Price . 1976).
error criterion (Sheridan, Fabis, & Roland. 1966).
In reality, the error criterion that is applied varies An extreme ly interesting group of st rudmes was

wit h time as well as with the task. By incorrectly perfom ied to determ ti imte whu et l ier or riot time

assuming constancy, the modeler observes these describing function coefhIcietits change as ;u result
of learning and , thus , wh et h e r  t imc~ mtia ~ he tmse fuu lvariations as changes in model paranmeters that are

indistinguishable from changes arising from other as miteas ures of pcrh~rmiiam ice. Todosiev . Rose. and
Sum mi utters (1966 , 1967) fouuid titan the lead tiut mesources. The model additionally assuumies thiat the constant increased wit h traim limig amid was greater ittoperator’s attention to error is restricted to a

single observation when, in fact , his behavior is t w o - a x i s  tracking tltam i in one-axis trac kung.

influenced by both nmemory and prediction. aithiotugli mio significant diffe renice s’. as observed in
t rack ing  error per axis. Th is ilkust rates the

4 F) P Ik ’ati of ls. Despite the rather obvious short- imicreased sensitivity t lt a t uttay he ex pected f’mouii
comings of the describing function model as a niodel-hased miieas iures as opposed to cttntventiomial
genera l model of human behavior . mmiany systemmi mt ica stm re s . These ilndiuigs were sobstan
in te res t ing  insights have neverth eless beemi tiated in 1967 iii a sttidy w h ich am iah~ ted gaiui anid
obtained through its application to tasks for which timite delay coeff ic ieuits for t h ree stu bjects over
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severa l days of training and foumid significan t where t h e switching logic is a fumictuon of t h e  order
changes (Jackson , 196 7). Burgett (1969) varied of the controlled ehenitent. Simitilarly, describing
t his experi m ent by contputing values of gaut and funct ions are not app licable to nonlinear
timne delay every 20 seconds and confirmed earlier cont ro lled elements , amtd studies have beeti
findings. In addition, he concluded that the conducte d to develop coefficient ~ j ustnment
variance of the time delay is a more sensitive procedures for handling special nonlinear cases
nteasure of learning than the muean va ltue. Finally. (Duggar, Mannen , & Hannen, 1969).
the work of Pew amid Rupp (1971) provides 

Anot her deficiency of describing functions isexce llent confirntiutg evidenice of the sensitivity of 
that they are intended only to reproduce averageniodel coefficients to learning and their utility in
operator perfornmance , and a single instance ofdiscriurminating ammiong subjects of diffe rent ability 
model output does not generally appear like thelevels for simitple tracking tasks. 
output of a human . Adams (1968) developed

In another  gro ump of studies , descrsbing te~i~niques to add randoni noise signals to the
functions were used to study the effects omi nioders output and to introduce tinte-varying
performance of divided attention and tum ite sharing gains in attemi ipts to miia~e the output appear more
(Gopher & Wickens , 1975a , 1975b; Wickens . realistic. Comparisons of his uttoditled model and
1974 , 19 76). It was found thtat gain was t he original mimodel with actual human oPerator
significantly decreased wh en tit h e sharing tasks output show that h is model appears to better
were added to a primary task and thtat the size of replica te human data.
remnant increased, indicating an increase in non- 

Finally, the describing function mmmodel waslinear characteristics of performance during task 
originally intended for use in single-axis tasks.loading. In additiomi. it was found t imat there is no 
Levison and Elkind (1967) performed experi mentsre liable increase in time delay with the addition of 
to deterntine its applicability to two-axis tasks.a secondary task , suggesting thiat divided attention 
They found th at two-axis performance is the sam umedoes ntot necessarily lead to an increase in the tiutme 
as one-axis so hong as time control problems on tImerequmred to process inforuitation (Gopher & 
two axes are h omogeneous and the displays forWickens , 1975a). TIme sam iue type of result was 
both axes can he viewed foveally. If displays forfoumid by Vinje (1971). w ho noted no coefficient 
the two axes are separated. periph eral visiondifferences as a function of audio versus visual 
becomes iniportant. They proposed a umiultiax isfeedbac k, although it is comimuimonly accepted that 
model consisting of a simple combination ofaural receptor delays are sh orter than visual 
single-axis describing functions wit h the huntanreceptor delays, 
operator modelled as a two’channel controller

Oth er applications h ave included examining the processing inforniation obtained foveally for one
effects of feedback on perfor uitaitce (Miller. 1965). ch annel and peripherally on the other channel.
the ef fects of predictive displays and varying 

S uu,z,p uari ’ and critique . The timotivation foramiiot unts of preview ( E)cy, 1971; Reid & Drewell .
tismng describing functions to model huntan1972), and t h e  tiossible reasons for Imertorniantce 
perfornianice stem nitted originally from (a) titeproblems in purstuit trackim ig (Reid , 1969). In all of 
desire to make use of highly developed l im meart he applications reviewed , ii was clear that use of 
sys te nts  a m ia l~ sis techn iques and (b) thet he describing t’tmnction miiodcl great ly aided 
observation th at for simple tracking tasks. humitanperfornma imce analysis . ut ntw ut histanding t h e  utiodcl’ s 
control is siuttilar to tIme control mitethiod of a servo-known shortcontings amid himm i itations as a general 
unechianisni. wh ere an observed error producesmitodel of hiuntan perf o ru imam mce ott imiglt lv connplcx
sonic motor cormimi tand designed to reduce thtetasks.
error to tero. Thttus. by assumitin~’ th at mnuc h of

Revisions and / xtePmsio,us. A mu mm utbe r of studies htu uitamm perforut iance is linear for the tasks to he
have been pcrfornited iii att em mtpts to correct studied , a describing funct ion model can be
deficiencies of describing funct mom ms or to extend formnt ilated w hichi relates the linear portiomi of time
t hem to new applications. For exat im ple . describinig human’s output to t h e  input by means of a
functions do not work well for step imiputs. linus. differential equatiom i . Th at portion wh ich is non~h’hatak and Weur (1968) proposed time additioni of a linear is relegated to a rem imnant term in t h e  mitodel.
hang-hang contro l capability hut It :undhe step imiputs.
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with the ass tumtmpt ion that for nmuost tas ks tine ( It  the tasks ut interest in imiamisia l control
rc mt m mua nt will he niegligible and will coitsis t only of A ( tem impts to extend it to mitore coum tp l cx tasks give
ramidomit ty pe commtponents of t ue output t i tat. q t iesl iomiab he’ resuu hts diue to violationt of t b me
except in a statistical sense , camtnot be mutode led umidcrlyung ass nun im ptiomus It is iuiitc rent ly inmviahk as
anyway. a general mode l of hu i umt iat u pe rto rmumance hecauuse oh

Time describing t’unction approacht has provided time simui phms tic view of hchavuor upomu w h uic h u ml us
foumided. At te mtupts to imuiprove its accuracy anda quantitative niethod of analyzing performance

and providing insights about beh avior out tIme extend its range of appl ica buhmt~ are (uf question-
able merit because they  arc oriem ited towardsiuiiphe compemisatory tracl.ing tasks to wimich it is

applicable. However , these tas ks comprise only a improving uiiathem-atmc’al piedicimomi ca pahuhimues
wit h little or no regard for assuring tim xlel validity.sn aIl percentage of the real-world tasks of interest .

and thie associated perform ance is of relatively
little interest. As nmight be expected . time tenip a- Optimal Control Model
t ion to apply describing functions to nmore An optiumial con troller is one wh ich controls a
comimplex tasks has been irresistible , and it is h ere given process in a way which niiniittizes sonic cost
that justi fiable criticism of time approach hmas been or criterion function while satisfying a set of
levied. When perfornting any but the simplest comistraints (Sheridan & Ferrehl , 1974 ). lii time early
trac king tasks, humans are highly nonlinear in 1960’s . it was discovered tJmat t h e  m ean-square
their performance. Thus, the linearity assumption erro r from human track ing data upproxiutiated the
upon whticht describing functions are based is mmmean’square error of various optimal controllers .
vio lated and results of their applicat ion are Since then, considerable interest and research has
stuspect. Sonic of the nonlineau’i(ies which arise are been generated for developing an optimal conitrol
observation and control errors, time variations in model of the human operator. As Sheridan and
control strategy , threshold and saturation e ffects, Ferrell (1974) observe , the idea is attractive
dither , range effects , preview and precognitive becatise it is based primarily (in the (sensible)
functions, and variations in parameters due to assumption t hat if tIme humitan operator is
changes in attention and fatigue. intelligent , he will attempt to behave optimally to

When nonlinearitics ill”fhe perfonnance arise , t hte best of his ability.
the remnant term grows because a smaller percent- Description and Assumptions. An optimal
age of the overall output can then be linearly control model is a computer mtiodel consisting of
related to t he input. Because of this, somime several distinct operations which, collectively, are
attention has been devoted to modeling the designed to simulate human contro l behavior.
remnant term itself (Levison & Kleinman. 1968). Excellent technical descriptions are provided by
While the intent here is worthwhile (i.e., account- Baron and Kleinman (1968). Kheinman . Baron.
ing for more and nmore of the operator ’s output), and Levison (1969), and Kleinman and Phatak
these efforts are less than satisfacto ry for hunman (1972). The model is based on the assumption that
operator modeling because instead of attempting a well-trained, highly motivated human controller
to develop a flexible and accurate basis for a behaves optimally subject to his own inherent
model, the intent is to convert an inherently limitations and the task requirements. Figure 1
limited and inaccurate model into one of merit by and the following, associated description explain
adding varioL ; features. This may produce an how the model basically works : The previous
improved mathematical prediction of human control action , p, affects the vehicle dynamics to
response but it cannot be expected to result in a produce a new system state , X, which is displayed
valid model of the human. to the operator as Y. Subject to som e observation

Based on the above considerations, the errors Or “noise” and a time delay, r, the human
describing function approach appears to have observes the available information. He deduces the
little, if any, utility as a basis for performance true vehicle state from the available information
measurement. Due to the assumptions on which it (t he role of the Kalman estimator and the
is based, it is applicable to only a sm all percentage predictor). He then applies a set of gains, Q* , that
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I ’,gurm ’ 1. Optimal control model.

operate on the predicted state to produce a desired satisfactory fit of utmodel i)redicti OtmS to actual dut~
contro l resposutes. ,u~. T he gains are chosen to is obtained (Phatak & Kessler , 1975) .
minintiize a “cost functiom ial’’ which re lates t h e  The mnode l assuntes t h a  t i hte huuuttan ’s
human’s contro l objectives to t h e  task being observation of state variables is inaccurate due to
performed. Thie desired control responise is thien iumi perf ’ections in ihtc visua l h rocess amid various
acted upon by utmotor “noise” amid neuromuscular t imne delays. It ft irthier assuittes that t he operator is
dynamics to produce the actual control act ion , p aware of time existence of imiipe rfec iiomts and delays

T he m ajor assuniphiorts of thie model :ure that and t h at he atten t tpts to coumipenisate f~tr t h em . lii
t he hum an behaves optimally and that he t h is respect , the ui mm .mdel is mituc h inure soph isticated
minimizes sonic cost functional. It is the existence titan time describing fumiction.
and nature of the cost functional that hias been tIme Applications . T he optim ita l conitrol model has
source of much criticism. One probletu is that time beeti applied to a variety of tasks , although miot
cost functional is assumed to be som e quadratic nearly so nmany as describing function nitodets.
function, both for ntathtematical convenience and What is most interesting and encouraging is t h a t  it
because quadratic criteria seem to work well for a has been used successfully to m odel performance
broad range of problems (Sheridan & Ferrell , on complex as well as sinnple tasks. For examiipie.
19 74). However , the real form is unknown. By far the model was used for a study of closed-loop
the more serious problem is that no one knows the performance in an air-to-air com itbat task , and
nature (parameters and constants) of the cost exce llent agreement resulted between model data
functional (Obermayer & Muckler, 1964). W hile it and actual data (Harvey & Dillow , 1974). In
may be true that the human is optimal for some addition. the nioujel has beent u sed for a variety of
criterion , determining that criterion is quite unique studies t h a t  could not have been conducted
another problem. without great difficulty othierwise. 1mm one effort .

t he model was extended to simmi ulate the taskAnother source of criticism about the optimal interference that would be experienced whencontro l model is that it is not identifiable (Phatak, performing several tasks simultaneously. It was
Weinert , Segall, & Day, 1976). This means that assumed that the hunman is a parallel processor
t here are so many parameters that a unique value wit h a fixed number of ch annels, and various
for each one cannot be determined. Instead, the sensory inputs were selectively contaminated wit h
parameters must be estimated by empirical “rules white noise. The effect of requiring t he subject to
of thumb” and then iterated upon until a perform several tasks was enmi ulated by increasing
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the efhèctive observation noise ratio associated restricted sem mse (Oberntayer & Muckler . 1965).
withi eac h c tmnponent task ( Levisont , 1970). Instead , it um m ay be mo ore worthwhile to channel

In anot her effom i , miteasure s o1 pilot workload this effo rt toward discoverum ig t h e  true cost
were developed by com puting weighitinig ternis for tun nctuo nt .u l for t he task and individual at hand
possible workload parameters in the optim mial lmence , time inverse optiuital control problenm .
control titodel (Wewerinke , 1974). Th ese miteasures Anderson (1974) coniputed weighting ternis for
were demonstrated by computing the “percent of t he param mm eters iii a quadratic cost fum mctuomia i for
efTh rt” associated with processing rate as conim- many veh icle configurations using conventional
pared with position infornitation. Unfortunately, model fitting technuques. lie concluded tItan a
t ime workload indices were task dependent and universal cost functional does not exist , suggesting
several calibration runs were needed to deterntine that the cost functional depends on at least vehicle
the operator ’s “full capacity.” Additional work dyntamn ics and probably the tas k and the individual
based on the conmputation of operator work loads as wel l .  T his supports the contentions of
using t he optimal control mitodel has been Oberntayer and Mtmck ler (1965) that it utmay be
suggested but not ful ly pursued (Baromm & Levison. fruitless to try to assum ite som e universal cost
1975). functional and deduce a valid control law.

Additional empirical support has been ~.enerated
The model has been coupled with a flight by sh owing that op t i mmm al control nmodel pa ramnmeters

smnt ulator model to analyze maneuvering flight change for a givemm subject depem mdintg oti h is  inter-
stability boundaries (Broussard & Stengel , 1976).
Exce llent agreentent was obtained between actual 

pretation of “optumita lity ” as influenced by verbal
instructions regarding task objectives (Oherm ayer.

and predicted stability boundaries as evaluated in Webster , & Muckler . 1966). Unfortunately, the
follow-up studies involving actual flight testing
(Stengel. 1976). In addition, the model has been 

inverse optimal control problem is ntathematica hiy
nontrivia l and has so far defied nunterous attentpts

used to anal) i.e the utility of various cockpit at its solution.
displays for the DC-8 aircraft (Kleinnman & Baron,
1971). Again, exce llent agreement was obtained Revisions and Lxtcns ions. Most of the active

be tween  actual amid predicted data. In less research involvinig the optmm iial control mimodel has
successfu l studies, attempts were mimade to use the centered around its direct applmcation to new
model for simulating perforniance of a vertical problems and not on its revision or extension . One
takeoff and landimig (VTOL) hovering task (Baron of t he few exceptiomms is sonic work to configure
& Kleinmnan . 1971; Baron, Kleinmiian , Miller, the mitodel to handle time decision-making tasks of
Levison, & Elkin. 1969). However , in t his instance , pilots ( Levison. 1971). This was per formed in
poor agreement between model and actual data recognitmon of the fact that continuous m anual
was obtained for various regions of control . contro l is only one of the functions pcrforuiicd

By far the most interesting application of the 
during flight, The mmmdcl extension consisted of

optimal control niodel and the theory on which it 
replacimig the com miputation of gains and subsequent

is based has been to try to determine (compute) 
determ iminat iout of a contro l action with a decision

the nature of the cost functional for a given 
algorit htmit based on Bayesian-statistics. For single

individual or group. This has been named the 
and double decision tasks , the model produced
data th at agreed fair ly well with data from im tour

“ inverse optimal control problemmi ,” and its
solution would have trenmendous utility in sttudies 

subjects. However, for sinmiultaneotus corm ro l arid

of human behavior. In nornial applications of t u e 
decis iout-ut iaking. there was suc h a large stu bject-to-

optimal control model, different cost functionals 
subject variance th at t he predictive ability of time
m odel could riot be assessed.

are selecte d on the basis of judgment and are tried
until something which scents to woik best is In anoth er study, it was proposed that instead
identified. Since the choice of the cost knctional of a t temp t ing  to ntinintuze time total cost
is arbitrary and subjective , it may be po~nt Iess to functional, w hat huntans really do is to minimize
expend too much effort in finding a control law the number of immstances where t here is aim increase
which can only be assumed correct in sonic rather than a decrease (a) between die presemit
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bx sit ion and the objective anid (b) in time accum imula’ t r a ined  and motivated operator will beh ave
ted cost (Thomas & Tou, 1966). l’he proposed optimally subject to iris own linimtations amid basic
umtod e l revision for inmplententirt g t h is  theory task  c o n s t r a i n t s .  Optimuality us def inted as
consisted of a new mmtethod for determining the mininmi z ing sonite cost functio umal . wh ich is
correct control actio n based on use of a search m fo  mutt tu hated to represent the “cost ” of the
al gorit hnm which operates under the above performance in term its such as error. tu lle , energy .
t iminimt iization constraints. T ue work did not etc. The niodel itself consists of a number of
include actual nmodel impleutientationi and test. operations whic h are sequeniIiall~ exectito l on a

Wierenga (1969) has com mtentded t h a t  niodelers computer and whicht are isonmorpiuc to knuwni or
have paid too mmtuch attention to the htumiman as a postulated humitan chiara cteristu cs and activities in
contro ller at the sacrifice ol adequate attention to pcrt~mrming a task. For exam mm ple. one part ot’ time

mmmdc l represents time tim ime delays immvo lved in visualh is  perceptual mimechammismits. He postuuha(cd t hat
i ansfornnation of raw displayed inforumiation into perceptions and another represents tIme hehuef that

the huntan predicts a best estimate of tIme truea useab le forni is perforumied as au optintal . ti um me-
vary ing Kalnman filter, lie immipleummented t h is thmeor) state (if the system based on his awareness of hits
as a revision to the optimal control mmmdcl and ~wn immiperfect perceptiom is amid t im ime delays.
success fully demonstrated its feasibility Time utiajor criticis umis of the immodel h ave con-

One of the mn ost interesting ef ’t’orts involvitig a cemned t Ime ex uste utce and nature of the cost

revision of the opti m al control tmm odel was one functional and the large n umber of paramite lers in
perfom rmmed in 1976 for t he purpose of reducing time time niodel. TIme form and contem mt of time cost
number of param eters and thereby nmmaki ng tIme f unmctiona i are tm ihy conjccuured . ammd it is

utiode l identifiable (Phatak et al.. 19 76). TIme cotutended by sommie th at it is fr s iumle ss to devote
mtmuc h effort to time dcve lopm iment of a mimodel withatm (Ito rs co ntemmd th at t lie titodel is over-

paranmeteniied because its assum miptions about tIme omi ly restricted app lmcah uluty due to tmnce rta ir it %

htuman are over ly st ringent. They fur t her  contend regardimm g t h u s  mssue.  Time issue of over-
th at time standard opti umm al control mimodel attemiipts parameteriz.ation concert~s the lack of a umtmq uue
to be isom orphic to known characteristics of the solution for the paramneters of tIme model because
ituman and thiat t his , in tunm , resu lts in somtm e of tbmeir number. In pract ice . it is necessary to fix
effects cancelling ot hiers in time long ruin (e.g. . time several parameters based on best guesses anmd th en
delay in observation and th en predicti(mn of tr uue solve for remimain umig paratimeters. iteratinm g on th is
state estintates front t he delayed observations ), process until w h at us judge d as a “good” mmmdc l us

fou rid.The model devehoped by Phatak and associates
imivolves four simnphif ’v ing immodif ications: (a) A pplications of t he mmm dcl h ave been quite
Assumm ie ti m e delay to be zero : (b) assummie time suuccessf tul amid diverse . It h as beemi used for air-to ’
inuuitan observes tIme displayed variables alone and air -commmbat modeling. pilot workload com imputatmon.
not t h eir rates; (c) assuum ie zero m otor utoise: amid determ itinatiomi of tlighmt stability botu umdar ies. anid
(d) ass ummm me no contr (m l.rate termmm in the cost evaluation of alternative flight displays. One of time
ftummct j onah. For variotus reasons, all thmese nmodifica- utmost interesting applications has been to I rv mu
tions resu lt in a greatly simmm phified mmm odeh wh ich can exp e riumm en mta ll~ determine the natt ume amid para.
be identified. The ~uutht ors admmmi t t i m a i t imeir revised mmmeters of time cost fum ict iou ma l. alternativel y kno~s mm
mmm odcl hmas no isom mmo rp itis rum to humm man inforutiation as time immverse optim imal control prohlcmm m . At least
pr ocessung and psyc hoph ysiology hut quickly oruc investigator (Anderson. I 974) has concluded
point out tim at “isomitorpimic immodels arc of no use if tim at t imer  e is no ummiversal cost ftmmict iommal .
th eir param itetcrs cannot he identi fied” (Phmatak Ct supporting previous contentions th at it is miot a
ah. . I97(m, p. 34). Time idemitifiahi h ity of the revised viable approach to assu umme soumme universal cost
mmm dcl was demmmonstr ated hut extens ive testing of functiomial and expect to derive a valid control law .
its validity h as not ve t oc~tirred. Principal uses imf time tmm ode l h ave heeum direct

Suinmars ’ and Critique, lime optimmia l co imt mol applicatio mms to miew probl emtm s with a mitimmi mun m i
umtodel is based on time asstu nmp tiomm t h at time high ly  nu um mb er of revisions and extensions. Sonic
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exceptions are efforts to extend it to decision rmleas urermment applications. Its to rte lies in time
nimaking tasks, revisions to t he bases for selecting an study of optim mial beitavior of hmighhy trained
optimal control action, and the addition of pre. operators, but even here the connputation of
processing on the displayed signal to better paranmeters lacks complete rigor due to over-
simulate the human’s perceptual processes. In paralmmetei-i iation. It is possible that simmiphifications
addition, a major sinmphifIcation of the mmuodel has as proposed by Phatak et al.(1976) m m may be useful
been attempted to correct the problem of over- in solving th is probleni. Possibly time niost
parameterization. interesting application of the model in the area of

The optinmal control nmodel represents a number umleasur enment and training is in studyin g the
of real or intuitively logical characteristics of the inverse optinmal control problem. However , t h u s
hunman operator. This is at the expense of problem is not trivial and, so far , a general
identifiability, however, and in attempts to reduce solution has not been discovered.
the number of parameters, several of the simulated
characteristics had to be omitted. Thus, it scents Discrete and Finite

that to make derivation of the model’s parameters State Methods
completely rigorous from a mathematical stand- Most of the n athenmatjcal models discussed so
point means a necessary loss of essential aspects of far are based on the assumption that the Imuman
the model’s content validity, observes a continuum of input states and produces

The most serious shortcoming from the stand- a continuous streant of outputs. Several invesliga-
point of applying the model for measurenment to rs  h ave taken Issue wit h t h is assumption .
applications lies in the cost functional and the claiming thsat the obse rvations and decisions which
associated assumption on which it is based. First , determine successive outputs are discret e rath er
t he model parameters are extreme ly sensitive to t itan continuous events. As a result , various

the cost functional. The fact that the nature and theories have been proposed regarding issues such
form of the cost functional can only be con- as the bases on which decisions are made, man as a

jectured makes it impossible to place much sampled data system as opposed to a continuous
reliance on the resulting model pararmieters in regulator , and man as a finite state niachme.
ge.neral measurement applications. It is possible, One of the principal promoters of the theory
however, that the model may be useful in carefully that man acts on the basis of discrete observations
contro lled expe riments where (a) the true cost and decisions was Bekey who , along with various
funct ional is of no interest and (b)the subjects can assoc i a tes, developed several novel modeling
be instructed to perform in accordance with the concepts. As earl y as 1962 , Bekey propo~ I thatdictums of the assumed cost functional without the human’s output in a manual contn task is
compromising the results of the experiment, intermittent , consisting of a series of ballistic

En addition to the above shortcoming, the responses triggered at intervals of about .5 second
basic assumption of the model contraindicates its (Bekey, 1962). Referencing the earlier work of
use in performance measurement , that is, the Craik , Bekey developed a simple model based (in
assumption that the highly trained and motivated t his assumption and showed that it was capable of
operator will behave optimally. In measurement producing outputs mmmore representative of real
applications, the concern most of the time is with performance than conteniporary linear. con-
the untrained operator; there can be no assurance tinuous models. Stimulated by this early work .
that he will behave optimally nor even that he will Bekey investigated the effect of using a randommi
attem pt to minimize the same cost functional as a sammtphing intemval , finding it produced outputs that
trained operator will, granting that a univer~ 1 cost appeared more realistic (Bekey & Biddle. 1967).
functional for any group of operators even e~~ts. This supported the earlier efforts of Pew (l%6).

In associated studies , a model was proposed where-Thus, the optimal control model does not in the hunmman is assumed to quantize his input andappear suitable for investigating behaviors for output into a finite number of states, and data arewhich it was not designed, such as those involved processed using sync hronous samples of thisin learn ing. Therefore, it is not suitable for general
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coarsely qtuantiicd immput (Angel . 1967; Bekey & nmm ac hm ine , and a direct correlation could be
Angel, 1966). Th ese asswm tptions per m itted the anthcipated between the nummm bcr of states and the
tuse of time htighmly developed thseory of finite state accuracy of results.
machines. The work was also based on the The notion of using finite state ntma~hines was
assumt ipt ions that time hm ummma n chiamiges states , also pursued to deve lop amm adaptive gain changer
depending out quantized observations of error antd iii an a i rcraf t  stability augmentation system
error rate , and that a resp(mnse , once initiated. (Burg in & Walshm , 197 1). Walsh imad performed
cannot be interrupted hut mmmust rout to comimpletioni. ear lier work wit h Fogel and was undoubtedly
This initial work consisted prumanly of developing int luemmced by previous experiences with finite
modeling rationales and proposed modeling state mitachj nes. Time actual m~~hine deve loped is
comistructs. only ske tch i ly described; however , it was

Experiments were coumducted to study the constructed by adjusting outputs to minimize a
commtroi response amtt p hitudes and pulse-width s in an cost function representing the difference between
attenipt to specify a m odel representative of the real and model-computed gains.
foregoing titeories (Merritt & Bekey, 1967). As a The use of dsc rete decision events in operator
result , it was concluded that soimmetim im e near the m m mode hing was also proposed by Poulton to
coniphetion of an output pulse , mmmonitori ng of produce outputs corresponding to high frequency
error  and error-rate begins. When the error input components that more nearly mimic man
trajectory enters sonic preselected region of t he (Poulton , 1967). He suggested that the human
phase plane, a decision to produce a new pulse is nma kes decisions about every .5 second and that
niade and, som m metim m me later , is executed. Merritt there must exist two ntmodels (compensatory and
went on to apply some of these discrete nmodelimmg pursuit) to fully represent a given performance.
concepts to visua l scannung beh avior (Merritt . According to Poulton, the latter is due to the
1968), while Angel and Bekey ptursued the further likelihood that the man’s internal compensatory
developnment of a t’inite state model of manual nmodel is kinesthetic while his internal pursuit
contro l (Angel & Bekey. 1968). in the latter model is visual .
effort , the assumption was added that time humiman

In anot her effort . Preyss developed a theory ofhas a library of four force programs, any onme of
wh ich can be triggered based (in phase plane human learning behavior based on a single channel
observat ions ,  Althoug h the results of tIme assu mption involving discrete response selection
associated mode ling exper iments  looked (Preyss , 1968). He theorized that a priori estimates
promising, no comparison with actual h uman of the probability that a specific response is
performance data was niade , and an objective appropriate are stored in memory. Response

selection is a decision process which uses the priorevaluation was not presented. 
estimates , and learning consists of revision of the

Other active promoters of finite state machines priors based on the weighting of certaitr evidence.
for modeling manual control behavior were Fogel A nmodel based on this theory was developed for
and Moore. Their work resulted in a finite state performance of a relay control task. The ensuing
model of human performance in flight control experiments supported acceptance of the null
tasks, including a representation of reaction time hypothesis , but follow-up studies were not
delay (Fogel & Moore , l968a). Model outputs conducted.
were compared with those produced by a linear 

More recent applications of discrete modelingpilot model, a nonlinear model , and a huntart . The 
concepts include development of a model of theresults were excellent. A detailed description of 
helmsman of a supertanker (Veldhuyzen , Vanthe model showed that input data were quantized

into 64 elements and a 64-state machine was used Lunteren, & Stassen , 1972). Here, studies were
co’iducted to determine decision rules for making(Fogel & Moore , l968b). State transitions were 
discrete adjustnments in the wheel position. Thefixed (next state is present input), and outputs

were computed statistically. Thus, much of the study revealed extensive intersubject variance on
success can be attributed to the large size of the the param i meters believed to be essential
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immdependent variab les. Finally, other investigators the vehicle; (c) reduction of accumulated error s .
have pursued the idea of using the phase plane as a and (d) optimization of dymman imics (Elkund , Kelly.
me dium for specifying decision criteria & Payne , 1964). Detection was modeled as a
(Jagacinski , Burke, & Miller, 1976). This study threshold identification process based on error
showed that as learning proceeds on a manual alone , while identification was based on an
control task, the decision locus in the phase plane estintation of ’ the relationship between stick move-
approaches that employed by a theoretically umment and error position , rate, and acceleration
optimum contro ller. (Elkind & Miller. 1966). An adaptive model

In way of critique and fInal conmnment , man y incorporating these phases was proposed. Thme
good ideas have been proposed for modeling all or model also included assumptions that position and
part of huntan performance as a discrete process. velocity are directly perceived , responses are
Much theoretical evidence and some empirical data intermittent , and both pursuit and saccadic
suggest that such concepts as input quantization, ch annels exist. Sonme studies were performed to
response interrnittency, and discrete observation enipirically determine how changes in control
and selection of output responses have merit. At dynamics are detected (Miller & Elkind. 1967).

least part of the problem in inmplementing these However , full test and validation of the proposed
concepts lies in the difficulty in niathenmatically model was not accomplished.
mo deling discrete as opposed to continuous In another similar study, attempts were made
events. Attempts to use existing tools, such as to identify the decision process used by humans in
finite state machines, have enjoyed some success detecting a change in control system dynamics
but very large models were necessary. Studies that (Phatak & Bekey, 1968; Weir & Phatak, 1966).
have been done to try to characterize the decision Here, it was assumed that the human operator
criteria used to govern changes in the response recognizes certain pattern features in the error
have been very valuable. In particular, the phase versus error-rate phase plane. The phase plane was
plane has been used extensively to determine the divided into regions, and studies were conducted
boundaries of regions in which control response or to try to identify a valid decision process based on
some aspect thereof remains fixed. asking yes/no questions about the region currently

active and trends of error and error-rate (Phatak &
Adaptive Techniques Bekey, 1969). Complete pursuit of this modeling

One very important human t rait which models idea through the validation phase did not occur.
discussed so far have not addressed is adaptation. although some interesting concepts were devel-
In performing complex tasks, it is unlikely that the oped.
operator selects a fixed control technique and En another study to develop adaptive control
applies it without change for the duration of the methods for time-varying dynamics, it was
task. Instead, he adapts his technique depending proposed that the human operator works in terms
on the acquisition of new knowledge about the of a string of control intervals (Knoop & Fu,
task, instantaneous task requirements, and other 1964). I attempting to track as well as possible,
concurrent jobs that compete for his attention. the ht~ ‘man attempts to shorten his control
Studies of operator adaptation are especially intervals, within each of which bang-bang control
re l e v a n t  to  performance measurement is used. The amounts by which intervals are
applications, because learning a control task may reduced are bounded below by the system delay
be viewed as a succession of adaptation processes. time. It was further hypothesized that the human

Most effort s in adaptive modeling are oriented forms an internal model of the plant , subject s it to
toward the control of systems having complex the same forcing functions, and uses its response
and/or time-varying dynamics. In one such study, to predict system response. He then compares this
the adaptive process was characterized by four with actual system response to identify changes in
phases: (a) Detection of a change in the vehicle plant dynamics. This is accomplished at the end of
dynamics or environirnent which necessitates a each control interval. Experiments were conducted
change in control; (b) identification of the charac- to establish basic feasibility of the model and
teristics of the new situation and stabilization of develop methods of obtaining model parameters.
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It was concluded that the control intervals are predictor display is not anmenable to conventtiona l
relatively comistan t in length and that the model filter discovery analysis sunce his dynam~ response

has potential for explaining adaptive behavior, at each instant is not determnined by a single valued
function of tinmie ” (Sh eridan, Johnson, Bell, &Ot her studies have been conducted on adaptive Kreifeldt , 1964 , p. 230). They propose that onemodeling methods, but most are variations or way of accounting for preview is to assignextensions of those discussed above. For example. weighting factors to each point , froimm the present

Niemela (1974) worked to experimentally derive to some realistic , observab le limiting point in the
boundaries of regions in the phase plane where the future , and then use t he weig hted value of the
hummian perceives a change in vehicle dynamics. input to determine the next response. In
Interestingly, another study in the sam e year rat ionalizing this approach, they present an
concluded that subject s are not able to consciously analogy of turning a car into a parking space . Thedetect changes in dynanmmics as soon as they are initial trajectory is arbitrary but the final one ismade , althoug h they change their control not , the error there being far more important.c haracteristics alniost immediately (Moriarty, 

Still , the initial trajectory must be chosen to1974). Gould and Fu (1966) proposed a th ree-part 
minimize the expected error in places where it isadaptive model involving the process of identitlca- 
relevant — thus the use of independent weightingtion, decision, and nmodification. However , the 
factors. The relevance of this concept to otherniodel was not developed and validated, 
tasks is of interest for , as Sheridan observes , “It is

In way of summary and critique, a nunmber of evident that uniformity of error importance is
interesting concepts have been developed Ui indeed a very unusual situation in human control
attempts to make models adaptive. These concepts tas ks such as driving vehicles , walking, using tools .
are of interest in perfo rmance measurenment and most things people do” (Sheridan, 1966 , p.
because learning can be viewed as a sequence of 92).
adaptations. Most of the adaptive modeling work 

Unfortunate ly, litt le wis done in the way ofhas been oriented toward situations involving 
validating any preview models based upon thesetime-varying plant dynamics, and efforts have been c~sscepts. only a few other studies of previewconcentrated on determining valid decision rules control behavior were cited; these were largelyfor detecting a change in dynamics. For example, thesis topics and were apparently not pursued inattempts have been made to determine regions of depth (Sheridan & Ferrell, 1974). The idea of

the phase plane between which transitions cue the incorporating preview control by appropriately
operator that plant dynamics have changed. weighting the inputs representing the preview area
Although some good ideas have been conceived in is n ovel, but identifying the best weighting
these effort s, none has been pursued far enough to function is not a trivial job and would probably be
fully validate the associated model, and only a few task-dependent. Therefore, considerably more
have been pursued past the proposal stage . research on preview modeling is necessary before it

would be a serious candidate for use in perform-Preview Models 
ance measurement applications.

Conventiona l models such as describing
functions and the optimal control model do not Other Nonlinear Approaches
cope with preview and are not generally able to 

Despite the fact that the human has long beenmodel performances where the operator is privy to 
known to be nonlinear in mcst behavior,preview information. However, preview occurs in 
surprisingly little research has been performnl inmost of the complex tasks of interest in flying 
developing nonlinear models. A possible reason istraining, for example, and efforts to accommodate 
provided by Pitkin:it in a model are of considerable interest. Un-

fortunately, only a few studies were found where Most likely, this is due to the fact that
control engineers can deal with bnearthe modeling of preview behavior was of primary models expressible in terms of transfer

interest , functions with much great er facility than
no nlinear models; that these models areSheridan and associates note that , “The fairly easil y derived from experimental data

human’s transfer function for response to a
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wi th  cross correlation tech niques; and, compared wit h linear analysis, and perhaps this
furthermore , that in situations wherein the accounts for the fact that little headway has been
operator behaves in a quasi-linear fashion, made. The work discussed above consists of addingthe use of a linear model is a most appro-
priate engineering approximnati o n. (Pitk iim . additional control modes to the conventional
t912,p. lI~ linear mode and determining which to apply on a

A good example of readily observed nonlinear sample-by-sample basis using error and error-rate
be havior occurs in tracking tasks involving information. Results are sufficiently promising
acceleration-control. Here, it is well known that that these techniques are worth pursuing further.
the hunman operator resorts to a pulsing output However , progress so far is limited, and much
behavioT , presumably to develop enough lead to work remains to be done to investigate the validity
enable control to be exerted. Linear models have of proposed met hods before they can be
attempted to account for this by using an considered candidates for measurement
adaptable lead-lag term . This can provide the applications.
necessary lead by properly adjusting parameters;
however, it does not result in the distinctive pulse-
like behavior observed consistently in the human IV . ASSESSMENTOF

EXISTING MODELS(Pitkin, 1972).
According to Pitkin, the earliest work in non- Several human operator characteristics have

linear modeling was performed around 1958 by been identified which ought to be included in or
Diamantides (Diamantides, 1958). He developed a otherwise accounted for by models to be used for
nmodel which inserted a step function into the performance measurement applications. These
output each time the error crossed the zero point, include operator intermittency; the existence of a
The step preceded the reaction-time delay element psychological refractory period which is best
and resulted in generation of a lead pulse. explained by the single channel theory of
Diamantides also injected dither into the output behavior; range effect; inadvertent crosscoupling;
and included a threshold in the error-plus- bang-bang control characteristics; and differential
derivative signal. use of various cues at various times and circum-

Ten years later , Costello developed a two-mode stances. Associated traits of the human, some of
surge model which constitutes the basic idea upon which precipitate many of these characteristh.~
which much of the subsequent work in nonlinear and which ought to be conside red , are the
modeling has been based (Costello, 1968). This existence of observation and control errors; time
model used either conventional linear control or a variations in control strategy; threshold and
surge control (pulsing output) depending on the saturat ion effects; preview and precognitive
magnitude of error versus error-rate (phase plane functions; and variations in performance due to
position). This modeling concept was applied later changes in attention and fatigue.
by Johannsen (1972), who added a third control Describing function models incorporate
mode consisting of constant output. Comparison virtually none of the above diaractenstics.
of the output of this model with that of a human Furthermore , they are based on assumptions of
and a describing function model clearly revealed operator linearity which are in direct contradiction
its superiority over the describing function in of severa l of the characteristics. Describing
predicting human response. (Johannsen, 1972). function models were designed to be applicable to
Equally promising results were achieved by Pitkin s imple compensatory tasks , but these tasks
with a model based on use of a linear controller represent only a small percentage of the real-world
plus a threshold feedback unit, where large , tasks of interest. Attempt s to extend these models
negat ive feedback of the output resulted in to other applications have not been successful.
initiation of a pulsing action (Pitkin, 1972). Therefore, these ~nodels have no anticipated utility

Beyond these studies , little has been as a basis for general measure ment applications.
accomplished in nonlinear modeling that is of The optimal control model incorporates a few
potential utility in measurement applications. selected operator :haracteristics, niost notably the
Nonlinear analysis is at a stage of infancy existence of observation and control errors. In
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addition, it is based on a viable theory of behavior of the ideas have been pursued past the proposal
of a highly trained operator. To a greater extent stage. Therefore, these models do not appear
t han any other model reviewed, the optinmal defendable at this time for measurement
control model attempt s to incorporate identifiable applications.
modules which are isomorphic to reasonable Several preview and nonlinear nmodels have
hypotheses about human behavior. The most incorporated a few of the identified human
serious shortcoming of the model from the stand- operat or characteristics ; but the associated work
point of its potential use for measurement was not pursued far enough to give particular
applications lies in the optimality assumption and credence to any one model as a likely candidate
the related cost functional. The former is an for nmeasurement applications. Very little work has
assumption about the highly trained operator , been done with these two types of models. At this
whereas in most measurement applications the time , neither is considere d suitable for measure -
interest lies primarily in the untrained operator. ment.
The true nature of the cost functional (for the
highly trained operator and certainly the untrained In summary, none of the hunm an operator

models developed to date and reviewed in thisoperator as well) is unknown, and since it
study implement more than a few of the operatorinfluences the model parameters , its conjecture
characteristics that have been identified. Thosegives poor assurance of their validity and reli- 
which have attempted to incorporate known orability. Therefore , this model is not considered
theorized information about the human are eithersuitable for general measurement applications,

although it seems fairly well suited for studies based on associated assumptions which are un-
involving highly trained operators in which use of acceptable for general measurement applications
a specific cost functional can be experimentally (as with the optimal control model) or were not

far enough developed to suggest that they arecontrolled.
desirable for use as a point of departure (as with

Discrete and finite state models incorporate discrete and finite state, adaptive, preview, and
various human operator characteristics such as nonlinear models). Part of the problem appears to
intermittency, single channel behavior, input lie iii the deficit of technology for dealing with
quantization , an d discrete observation and such thin~ as nonlinear analysis and discrete event
selection of output responses. Unfortunately, the modeling. The bulk of the problem, however , lies
related work has not yet progressed far beyond the in the fact that existing models were not
breadboard stage in many instances, and what has developed for measure ment applications, and the
been performed suggests that implementation attempt has been one of emulating human output
problems may be the cause. There is a distinct rather than sinmulating or otherwise accounting for
difficulty in modeling discrete as opposed to the intricacies of human behavior. Therefore,
continuous events, and It is possible that the underlying assumptions are not based upon charac-
necessary modeling tools are just not yet highly teristics of human behavior to the extent desired
enough developed. Therefore, these modeling for measurement applications.
met hods are not sufficiently far developed for
justifiable use of any one as a point of depature
for measurement applications. 

~~ . REVtEW AND CONCLUSIONS
Adaptive models are of considerable potential

interest because learning can be viewed as a A survey has been conducted of human
sequence of adaptations. Related modeling work operator modeling technques to assess their utility
has been primarily oriented toward accom- for performance measuremen t applications.
modation of time.varying plant d~’r’amics. Several Existing nmeasuremen t techniques do not have the
good ideas have been proposed for this particular capability to support the type of flight simulation
type of adaptation; however , no attempt has been research that entails accounting for the perception
made to incorporate the human operator charac- and utilization of cues. In addition, the many
teristics identified in this report. In addition, few efforts to derive more suitable measures have
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further complicated the problenm by developing Models in each category were evaluated based
more and more different measures from which to on the extent to which they represent the
choose with little regard for the effects of an identified human operator characteristics as well as
improper choice. They have also been somewhat other aspects of their general validity for perform-
nmisdirected in their emphasis on measures of ance measurement applications. It was found that
system performance rat her than measures of none of the models reviewed implement nmore than
human behavior. A new nmeasurenment approach is a few of the operator characteristics; and those
required which minimizes the number of nmeasures which do are either based on other assumptions
that must be considered, computed, and inter- which are unacceptable for measurement
prete d; and which produces measures that appl icat ions or have not been far enough
characterize behavior succinctly and are sensitive developed to justify their use as a point of depar-
to those aspects of human behavior that directly ture. The major reason for this is that existing
involve cue perception and utilization. It is models were not developed with measurement as
believed that human operator modeling techniques an objective ; and the attempt has been to emulate
may provide a basis for this type of measurement. human output rather than simulate or otherwise

account for the intricacies of human behavior.Model validity is particularly important in the
case of the envisioned measurement applications. it is concluded that existing human operator
A model used for measuring human performance models are not sufficiently representative of
should be based on assumptions that are in full known characteristics of human behavior to be
accord with the body of knowledge that exists useful for general performance measurement
about human behavior. Therefore, the first task of applications. It appears, too , that modeling studies
this study was to identify the major human opera- of the past have emphasized matching the response
tor characteristics that ought to be accounted for of the average human operator at the expense of
by a model to be used for measurement. These modeling the behavior of the individual, and for
characteristics were later used in evaluating the the particular application area of performance
various models for this application, measurement , this is unacceptable. Studies are

Existing models were categorized by type as required to develop modeling techniques
follows: (a) Describing Functions; (b) optimal specifically for measurement taes, and these
Control Models; (c) Discrete and Finite State studies should be based on valid assumptions
Methods; (d) Adaptive Techniques; (e) Preview about the human that are supported by the body
Models; and (f) Other Nonlinear Approaches. A of related knowledge that presently exists. Equally
survey was made of models in each category by important, these studies should emphasize the
reviewing the literature and summarizing the development of models of the behavior that
various modeling studies. Particular attention was generates the performance of the individual rather
devoted to modeling assumptions and whether or than models of average operator performance
not any specific human operator characteristics output with little regard for the underlying
were incorporated. behavior.
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